The trichloroethylene (TCE) transformation rate and capacity of a mixed methanotrophic culture at room temperature were measured to determine the effects of time without methane (resting), use of an alternative energy source (formate), aeration, and toxicity of TCE and its transformation products. The (5, 19) (Fig. 1) .
specific TCE transformation rates (2.1 mg/mg of cells per day) and elevated transformation capacity (0.073 mg of TCE per mg of cells). Significant declines in methane conversion rates following exposure to TCE were observed for both resting and formate-fed cells, suggesting toxic effects caused by TCE or its transformation products. TCE transformation and methane consumption rates of resting celis decreased with time much more rapidly when cells were shaken and aerated than when they remained dormant, suggesting that the transformation ability of methanotrophs is best preserved by storage under anoxic conditions. Trichloroethylene (TCE) is one of the most frequently detected organic contaminants found in water supplies from groundwater sources (35) , is toxic to humans at high exposures, and is a known carcinogen in mice and a suspected carcinogen in humans (6) . Under anaerobic conditions, TCE can be biologically reduced to form less halogenated organics (2, 24). However, vinyl chloride, a known human carcinogen, is a common intermediate of the reaction (24, 31) . Under aerobic conditions, Wilson and Wilson (36) observed TCE transformation to CO2 in a soil column that had been exposed to natural gas (74% methane) and concluded that methanotrophic microorganisms were responsible for the TCE transformation. Methanotrophic TCE oxidation has since been confirmed in a number of studies with pure cultures (20, 23, 30) . Propane oxidizers (32) , ammonia oxidizers (1) , and toluene oxidizers (22) have also been reported to carry out TCE oxidation.
Methanotrophic cultures have the potential for high TCE degradation rates and complete transformation to CO2 and chloride, without the formation of undesirable intermediates (20, 23, 30) , after growth on inexpensive substrate (methane). This, coupled with successful field-scale studies for in situ bioremediation of TCE-contaminated groundwater by methanotrophs (26) , suggests that further research to better understand factors affecting transformation rates is desirable. This particular study was conducted at ambient temperature with a mixed methanotrophic culture to explore the effects of time stored in the absence of methane, presence of an alternative energy source, TCE concentration, aeration, and possible toxic effects of TCE and its transformation products on the rate and extent of TCE transformation. * Corresponding author.
THEORY
Methanotrophs derive both energy and carbon from the oxidation of methane by the broadly nonspecific enzyme methane monooxygenase (MMO) with NADH or NADPH as an intermediate energy source (5, 19) (Fig. 1) .
MMO catalyzes a wide range of oxidative reactions, including the hydroxylation of alkanes, epoxidation of alkenes, and oxidation of ethers, halogenated methanes, and cyclic and aromatic compounds (4, 25) . The reaction of interest in this work is the cometabolic or fortuitous epoxidation of TCE, which is catalyzed by MMO in the presence of molecular oxygen and NADH, and the subsequent degradation, which is postulated to occur by hydrolysis and heterotrophic oxidation (20) .
Since MMO is responsible for both methane oxidation and TCE epoxidation, methane and TCE are considered to be competitive substrates such that in the presence of both compounds TCE transformation rates are reduced. However, this problem can be avoided by the use of resting methanotrophs (in the absence of methane) which are capable of oxidizing a broad range of organic compounds (3, 15, 28) including TCE (12a, 14, 23, 29, 30) .
Methane was used as the sole source of cell carbon and energy for growth of the mixed culture in this study. TCE transformation was then studied with either resting cells alone, that is, in the absence of methane, or in the presence of formate, which can serve as an alternative source of NADH ( Fig. 1 be considered constant over the course of the transformation; thus, the transformation rate would be a direct function of the TCE concentration.
MATERIALS AND METHODS
Mixed-culture development. A 7.5-liter mixed culture was seeded with effluent from a laboratory column of aquifer material containing an active microbial culture (18a) and was grown in a 10-liter, baffled, continuous-gas-feed chemostat operated with a 9-day detention time, with once-daily cell wasting and liquid medium replacement. The mixed-culture medium contained mineral salts described by Fogel et al. (7), dissolved in deionized water. A mixture of 10% methane in air was continually injected into the reactor bottom at a rate of 280 ml/min, and high-velocity mixing (200 rpm) was maintained to facilitate methane transfer. Steady-state gas concentrations in a submerged Gortex tube (0.6-cm diameter, 10-cm length) indicated methane and oxygen concentrations of 0.1 and 8.0%, respectively, which correspond to liquid concentrations of 0.02 mg of methane and 3.5 mg of oxygen per liter. This indicates that the cell growth was methane limited. The average cell density of 2,500 mg/liter (range, 1,800 to 3,000 mg/liter) and gas effluent of 8.6% methane gave a calculated net growth yield of 0.33 to 0. solution, approximately 10 ml of TCE (99+% pure ACS reagent; Aldrich Chemicals Co., Milwaukee, Wis.) was added to 160-ml glass bottle containing five glass beads and 120 ml of Milli-Q water and sealed with a Teflon-lined rubber septum and aluminum crimp-top cap. TCE-saturated solution was removed by syringe through the septum, using care to exclude nonaqueous phase TCE.
(ii) Transformation products. (27) . The aqueous TCE concentration with cells only decreased at a constant rate, while that in the three controls remained essentially the same whether or not cells were present, indicating that TCE sorption was insignificant under the experimental conditions used (Fig. 2) . Inhibition of TCE transformation by acetylene supported the hypothesis that oxidation was MMO catalyzed. As in all experiments conducted with this culture, no adaptation time was required for the onset of TCE transformation, even though the organisms had experienced no prior TCE exposure.
Transformation products. TCE (15 attempted, but the transformation products may be similar to those believed to be formed as intermediates of mammalian TCE transformations including 2,2,2-trichloroacetaldehyde, dichloroacetic acid, glyoxylic acid, formic acid, and carbon monoxide (13, 21) .
TCE transformation rate. TCE disappearance was monitored in bottles with 1,100 mg of resting cells per liter and three different initial TCE concentrations, 6, 3, and 0.6 mg/liter (Fig. 3) . Based on initial rates of TCE disappearance, no inhibition by TCE was suggested at these levels. However, attempts to model TCE transformation by using Monod kinetics alone were unsuccessful as the rate of TCE disappearance should have been identical in the three bottles at equivalent TCE concentrations. That is, when the concentration of TCE within each bottle reached some chosen value, say 0.5 mg/liter, the specific transformation rates should have been the same; but, as shown in Fig. 3 , it is apparent they were not. The transformation rates of 0.068, 0.048, and 0.026 mg of TCE per mg of cells per day, respectively, for the low, medium, and high initial concentration cases when TCE concentration was 0.5 mg/liter indicates that the transformation rate was affected by some other factor such as initial TCE concentration or time. This phenomenon was explored further.
The change in TCE transformation rate with time by resting cells was measured in a bottle which had repeated additions of TCE following its depletion (Fig. 4) (Fig. 5) . However, the unshaken cells retained their transformation ability better than cells shaken with N2, which in turn bested the rate for those shaken in air. 0. 34 The decline in TCE disappearance with time ( Fig. 6a ) and in initial specific TCE transformation rate (Fig. 6b) by resting cells indicate that transformation rates fall off sharply as a function of prior time shaken in the presence of air. Table 1 contains a summary of the calculated specific TCE transformation rates measured before and after different cell treatments, using results from various experiments. Also included is the rate of decline of the specific transformation rate over the time period between measurements. An average computed rate decline of 15.2 day-2 was caused by exposure to TCE. In comparison, the average rate decrease due to shaking with air alone was only 1.2 day-2. Although the decline due to aeration was substantially lower than that due to exposure to TCE, both were significant compared with declines from shaking in the presence of N2 (0.46 day-2) or no shaking (0.21 day-2).
As a means of examining whether the observed specific TCE transformation rate decline was the result of electron donor depletion, transformation studies were conducted which included the addition of sodium formate to augment the production of reduced NADH (Fig. 1 ). Comparisons were also made of culture methane consumption rates before and after given treatments to gauge possible toxic effects. The addition of 20 mM sodium formate caused not only an increased initial specific TCE transformation rate (2.1 day-' with formate, 0.6 day-' without) as reported by Oldenhuis et al. (23) and Brusseau et al., (2a) , but also an increased transformation capacity (0.073 mg of TCE per mg of cells with formate, 0.036 mg of TCE per mg of cells without) (Fig.  7) . While this implies that the supply of reduced NADH played a significant role in increasing both the TCE transformation rate and capacity, a rate decline with formate nevertheless still occurred. To test whether the rate decline resulted from exhaustion of formate, a similar experiment was conducted in which an additional 20 mM formate was added after the TCE transformation rate had markedly slowed (Fig. 8) consumption rate regardless of formate addition, although the decrease was less than that found for the cells exposed to TCE.
Transformation of 21 mg of TCE per liter in the presence of formate was measured by using three cell densities (2,500, 1,300, and 670 mg/liter) shaken at 300 rpm. With 670 mg of cells per liter, transformation was also measured at three initial TCE concentrations (2, 4, and 21 mg/liter) with results illustrated in Fig. 9a . The inverse of the initial specific transformation rate for each case is plotted against the inverse of TCE concentration in Fig. 9b . A linear regression of the data for a cell density of 670 mg/liter using the Lineweaver-Burk relation yielded computed parameters of 5.1 mg of TCE per mg of cells per day for maximum specific utilization rate (k) and 7.3 mg/liter for the half-velocity constant (Ks).
Measured specific transformation rates increased inversely with cell density (Fig. 9b) , implying that either mixing at 300 rpm was insufficient to overcome localized mass transfer effects (in contradiction to the mass transfer analysis described under Experimental procedures) or the higher proportional formate/cell ratio experienced by the more dilute cells (all reactors contained 20 mM formate) resulted in an elevated initial transformation rate.
Also, it was expected that the dilute cells would be capable of transforming an amount of TCE proportional to that transformed by the denser cultures. However, the measured TCE transformation capacity for the dense cells and dilute cells was 0.033 and 0.025 mg of TCE per mg of cells, respectively. It appears that, mass per mass, the resting cells were capable of transforming a greater amount of TCE when at high densities. Perhaps high cell density allowed a buffering of the toxic effects of the TCE transformation, although other explanations are possible.
DISCUSSION
It has been indicated that pure methanotrophic cultures grown under copper-limited (<0.25 ,uM) conditions and at elevated temperatures (30°C) catalyze a highly elevated rate of TCE oxidation (23, 30) . An A significant observation of this study, as well as that of others (23, 30) , was a decline in TCE transformation rate over time by resting cells. A similar decline in cometabolic transformation rates has been observed for reductive dechlorination (9, 10), methanotrophic propylene epoxidation (15, 17) , and TCE transformation by ammonia oxidizers (1) and toluene oxidizers (33) . Possible explanations for such rate declines include (i) the consumption with time of energy stores needed to produce NADH, the electron donor required to sustain MMO catalyzed reactions (4, 17, 25, 30) ; or (ii) toxicity from either TCE itself or metabolic intermediates (12a, 30) .
Evidence for depletion of energy reserves as a factor in cometabolic rate declines includes the observations that, following diminished cometabolic activity, addition of electron donor resulted in either partial renewal of the oxidative ability of the cells (17) or total regeneration of cometabolic activity (9, 15) . In this study, the addition of formate to freshly harvested cells was responsible for increased initial TCE transformation rates and an elevated total transformation capacity, strongly implying that, with resting cells alone, depletion of stored energy reserves was at least a factor in measured TCE transformation rates and capacities. However, the addition of either formate or methane following the exhaustion of TCE transformation potential did not promote renewed MMO-catalyzed oxidations, indicating that toxicity of TCE or its transformation products also was a factor.
Further evidence of toxicity from TCE or its transformation products includes a study by Wackett and Householder (34) on the effect of TCE exposure on the growth of toluene degraders. They found growth inhibition in the presence of TCE, which ceased upon TCE removal, and also that the TCE toxicity noted was counterbalanced by macromolecular synthesis, allowing total recovery of cell activity. Also, in studies with methanotrophs, the total cessation of MMO activity at TCE exposure levels of 6.0 (18) and 7.8 (29) mg/liter has been attributed to TCE toxicity. However, no such acute inhibition was observed here with TCE concentrations even as high as 22 mg/liter; rather, the significant decline in the methane conversion rate with time following transformation of TCE implicates product toxicity as a significant factor affecting the decline in TCE utilization rate with time.
Although it is not conclusive whether the toxic effects noted were from TCE itself or from a product of TCE transformation, studies for mammalian systems have shown that reactive metabolites of cytochrome P-450-mediated TCE oxidations bind irreversibly to DNA and RNA in vitro (13) . The reactivity of TCE epoxide has been implicated in the mammalian toxicity of TCE (37) . Thus, product toxicity is a distinct possibility for some of the observed TCE transformation rate declines.
A significant observation of this study which is perhaps new is the decline of TCE transformation rate with time of aeration of resting cells. The diminished specific TCE transformation rate (Fig. 6b) single-phase design, highly efficient TCE removal could possibly be preserved by alternating additions of formate with methane additions in sufficiently low concentrations to imply that aeration alone somehow diminished maintain the culture without exerting significant competitive tivity, although to a much lesser extent than expoinhibition and TCE-related toxicity. sure to TCE. One possible explanation for the observed loss of activity with aeration alone is cell decay through endogenous respiration or predation, both of which would probably require oxygen. However, a decay rate of 1.3 day-' implied by the diminished methane consumption rate with time of aeration is above that generally expected for typical aerobic mixed culture decay (0.1 to 0.25 day-').
An alternative explanation for the observed aeration effect is based on the suggestion that MMO functions by generating active oxygen species which in turn react with reduced substrate (TCE or methane) to form either epoxidated or hydroxylated products, consuming NADH in the process (8, 16 
